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NAD-Dependent Modulation
of Chromatin Structure and Transcription
by Nucleosome Binding Properties of PARP-1
The establishment of distinct chromatin domains can
be achieved through (1) specific covalentmodification of
histones (e.g., acetylation, methylation), (2) nucleosome
assembly with histone variants (e.g., H2A.Z, CENP-A),
or (3) incorporation of nucleosome binding noncore his-
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tone proteins, such as the linker histone H1, the hetero-and Cell Biology
chromatin-associated protein HP1, and, as we showCornell University
herein, poly(ADP-ribose) polymerase-1 (PARP-1) (Brown,Ithaca, New York 14853
2003; Horn and Peterson, 2002; Kellum, 2003). The ef-3Department of Pharmacology
fects of H1 and HP1 incorporation on chromatin struc-Weill Medical College
ture have been well defined, with both factors causingCornell University
the condensation of chromatin into compact, transcrip-New York, New York 10021
tionally repressed higher-order structures that form
discrete chromatin domains (Brown, 2003; Horn and
Peterson, 2002; Kellum, 2003). The formation and dis-Summary
ruption of higher-order chromatin structures is regulated
by the same histone-modifying enzymes (e.g., acetyl-PARP-1 is the most abundantly expressed member of
transferases, deacetylases) and chromatin remodelinga family of proteins that catalyze the transfer of ADP-
complexes (e.g., SWI/SNF family) that act locally tomod-ribose units from NAD to target proteins. Herein, we
ify individual nucleosomes at promoters (Horn and Pe-describe previously uncharacterized nucleosome bind-
terson, 2002). Thus, chromatin is a heterogeneous nu-ing properties of PARP-1 that promote the formation of
cleoprotein filament whose structure and activity iscompact, transcriptionally repressed chromatin struc-
modulated by its constituent proteins, as well as a di-tures. PARP-1 binds in a specific manner to nucleo-
verse group of regulatory enzymes.somes and modulates chromatin structure through
PARP-1, the prototypical and most abundantly ex-NAD-dependent automodification, without modifying
pressed member of a family of PARP proteins, has beencore histones or promoting the disassembly of nucleo-
implicated in the regulation of chromatin structure andsomes. The automodification activity of PARP-1 is po-
transcription (Kraus and Lis, 2003). PARP-1 possessestently stimulated by nucleosomes, causing the release
an intrinsic enzymatic activity that catalyzes the transferof PARP-1 from chromatin. The NAD-dependent ac-
of ADP-ribose units from donor NAD molecules to tar-tivities of PARP-1 are reversed by PARG, a poly(ADP-
get proteins as monomers, oligomers, or polymers ofribose) glycohydrolase, and are inhibited by ATP.
ADP-ribose (D’Amours et al., 1999). However, comparedIn vivo, PARP-1 incorporation is associated with tran-
to other chromatin regulatory proteins with enzymaticscriptionally repressed chromatin domains that are
activities (e.g., histone-modifying enzymes, chromatinspatially distinct from both histone H1-repressed do-
remodeling complexes), PARP-1 is poorly understood.mains and actively transcribed regions. Thus, PARP-1
PARP-1 has a highly conserved structural and functionalfunctions both as a structural component of chromatin
organization, including (1) an N-terminal DNA bindingand a modulator of chromatin structure through its
domain containing two zinc-finger motifs, (2) a centralintrinsic enzymatic activity.
automodification domain containing a BRCT (“BRCA1 C
terminus-like”) motif, and (3) a C-terminal NAD bindingIntroduction
catalytic domain (Figure 1A; Rolli et al., 2000). PARP-1’s
enzymatic activity is stimulated dramatically by thebind-
Chromatin is the physiological template for nuclear pro- ing of PARP-1 to damaged DNA (e.g., double-strand
cesses involving genomic DNA, including transcription breaks) and hence, most studies of PARP-1 to date have
by RNA polymerase II (Pol II). The structural unit of focusedon its role inDNA repair andcell deathpathways
chromatin, the nucleosome, comprises 147 bp of DNA (D’Amours et al., 1999; Rolli et al., 2000). Considerably
wrapped around an octamer of core histone proteins less is known about the chromatin-dependent gene reg-
(two copies each of H2A, H2B, H3, and H4) in 1.7 ulatory activities of PARP-1 under physiological condi-
turns (Richmond and Davey, 2003). Chromatin exists in tions where the integrity of the genome is maintained.
multiple, functionally distinct structural states that are A number of studies have examined PARP-1 as a
defined by their protein composition and level of com- regulator of chromatin structure and transcription, but
paction (e.g., transcriptionally active euchromatin and conflicting results have left the role of PARP-1 unclear.
transcriptionally repressed heterochromatin; Horn and Two modes of PARP-1 regulatory activity have been
Peterson, 2002; Woodcock and Dimitrov, 2001). The dy- proposed: (1) a histone-modifying enzymatic activity
namic interconversion between these different chroma- that can regulate chromatin structure and (2) an en-
tin states can play an important role in transcriptional hancer/promoter binding cofactor activity that can act
regulation (Horn and Peterson, 2002; Woodcock and in conjunction with other transcription-related factors
Dimitrov, 2001). (Kraus and Lis, 2003). With regard to the regulation of
chromatin, early studies showed that purified PARP-1
could (ADP-ribosyl)ate chromatin proteins (e.g., H1 and,*Correspondence: wlk5@cornell.edu
Cell
804
Figure 1. Incorporation of PARP-1 into Chro-
matin Promotes the Formation of Nuclease-
Resistant Structures that Are Reversed in the
Presence of NAD
(A) Schematic representation of human PARP-1
showing the DNA binding domainwith two zinc
fingers (FI and FII), automodification domain
with a BRCT motif, and catalytic domain, as
well as the amino acid substitutions in
hPARP-1 DBD mut and Cat mut.
(B) SDS-PAGE analysis of purified, recombi-
nant wild-type (lane 1), DBD mut (lane 2), and
Cat mut (lane 3) hPARP-1 proteins.
(C) MNase digests of ACF-assembled chro-
matin with PARP-1 (0, 5, 10, 25, 50, or 100
nM), PARP-1  200 M NAD, or H1 (0, 5,
10, 25, 50, or 100 nM) added as indicated.
Marker (M)  123 bp ladder. Arrows indicate
MNase-resistant bands used to quantify
nuclease resistance in Supplemental Figure
S3 on the Cell website.
(D) MNase analysis of nucleosome repeat
length of chromatin with or without added
PARP-1 (P, 100 nM) or H1 (H, 100 nM). MNase
digestion conditions were adjusted so that
the extent of digestion was similar in each
sample. Marker (M)  123 bp ladder. Dots
indicate the center of the nucleosomal DNA
bands.
(E) Chromatosome stop assay showing the
length of DNA associated with control (),
PARP-1 bound (P), and H1 bound (H) mono-
nucleosomes generated by extensive diges-
tion of ACF-assembled chromatin with MNase.
PARP-1 andH1were added toACF-assembled
chromatin at 100 nM. Marker (M) 10 bp lad-
der. Brackets indicate the range of DNA frag-
ment sizes, with the average sizes marked
with arrows.
(F) Top, restriction endonuclease accessibil-
ity assay with nucleosomes assembled on a
repeating array of sea urchin 5S rDNA posi-
tioning elements in the presence or absence
of PARP-1 (P, 100 nM) or H1 (H, 100 nM). Bottom, schematic diagram showing where EcoRI, RsaI, and MspI cut the DNA.
(G) Quantification of multiple experiments like those shown in (F) (mean  the SEM for three determinations).
to a lesser extent, core histones), promoting the decon- than 90 percent of PAR found on PARP-1 (D’Amours et
al., 1999; Huletsky et al., 1989; Ogata et al., 1981). Au-densation of chromatin and destabilization of nucleo-
somes (Huletsky et al., 1989; Poirier et al., 1982). Further to(ADP-ribosyl)ation of PARP-1 has profound effects on
PARP-1 activity, including inhibition of PARP-1’s DNAstudies suggested a role for polyanionic poly(ADP-ribose)
(PAR) itself, either attached to proteins or as a free poly- binding and enzymatic activities (D’Amours et al., 1999;
Rolli et al., 2000). Furthermore, although PARP-1’s enzy-mer, as a core histone binding matrix that can act as
a histone acceptor to further destabilize nucleosomes matic activity has widely been reported to be strictly
dependent on the binding of PARP-1 to damaged DNA(Realini and Althaus, 1992). More recent studies have
demonstrated PARP-1-dependent accumulation of PAR (D’Amours et al., 1999; Rolli et al., 2000), such a require-
ment would not allow a role for PARP-1 under normalat decondensed, transcriptionally active loci in native
chromatin (Tulin and Spradling, 2003). Collectively, physiological conditions where genome integrity is pre-
served (Kraus and Lis, 2003). In addition to these issues,these data have been used to support a model whereby
PARP-1 promotes the decondensation of chromatin by experimental limitations in some cases, such as the use
of PARP-1 contaminated with DNA fragments, chroma-causing the dissociation of nucleosomes through (ADP-
ribosyl)ation of H1 and core histones, aswell as the gener- tin containing free DNA ends resembling double-strand
breaks, or assays where the (ADP-ribosyl)ated proteination of polyanionic, histone binding PAR (D’Amours et
al., 1999; Kraus and Lis, 2003; Rouleau et al., 2004; Tulin targets were not definitively identified, have made conclu-
sions about PARP-1 function difficult to draw (D’Amoursand Spradling, 2003).
A number of aspects of PARP-1 biology have been et al., 1999; Kraus and Lis, 2003).
We have used a defined chromatin assembly systemdifficult to reconcile with this model and other prevailing
viewpoints in the literature. For example, PARP-1 itself, containing DNA-free PARP-1 and nick-free circular (i.e.,
end-free) DNA templates, as well as complementarynot H1 or core histones, is the primary protein target for
PARP-1-mediated (ADP-ribosyl)ation in vivo, with greater cell-based assays, to examine the effects of PARP-1 on
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chromatin structure. Our results indicate that PARP-1 1985) and estimated free nuclear NAD concentrations
(70 M; Zhang et al., 2002). In control experiments,has specific nucleosome binding properties that can
alter Pol II transcription by altering chromatin structure addition of NFB p65, a positively charged protein that
might interact nonspecifically with DNA and neutralizein a manner similar, but not identical, to H1. Unlike H1,
however, the activity of PARP-1 is modulated by au- negatively charged phosphates, had no effect on nucleo-
somal repeat length (Supplemental Figure S5 on theto(ADP-ribosyl)ation in the presence of the metabolic
cofactorNAD, adding additional opportunities for regu- Cell website). Furthermore, addition of HMGN2, a well-
characterized nucleosome binding protein (Paranjapelation. Collectively, our results provide a new framework
for thinking about PARP-1 activity in the regulation of et al., 1995), increased the nucleosomal repeat length as
expected but did not promote the formation of MNase-chromatin structure and transcription.
resistant chromatin structures (Supplemental Figure S5
on the Cell website). Collectively, our results indicateResults
that PARP-1 can incorporate into chromatin in a specific
manner and promote the formation of NAD-reversibleIncorporation of PARP-1 into Chromatin Promotes
nuclease-resistant chromatin structures.the Formation of Nuclease-Resistant Structures
that Are Reversed in the Presence of NAD
We examined a role for PARP-1 in modifying chromatin PARP-1 Binds to Nucleosomes and Increases
the Nucleosomal Repeat Lengthstructures using a purified recombinant in vitro chroma-
tin assembly system consisting of ACF and NAP-1 (Ito The extension of nucleosomal repeat length is indicative
of factor binding to linker DNA near the dyad axis whereet al., 1999), native core histones, and highly purified
98% nick-free supercoiled plasmid DNA (Supplemen- theDNAexits the nucleosome (Fyodorov andKadonaga,
2003; Ito et al., 1996; Paranjape et al., 1995; Travers,tal Figures S1A and S1B at http://www.cell.com/cgi/
content/full/119/6/803/DC1/). Limited micrococcal 1999). We examined the effect of PARP-1 on nucleoso-
mal repeat length using limited MNase digestion, ad-nuclease (MNase) digestion of chromatin assembled
with these reagents yielded regularly repeating arrays justing the amount of MNase to give a similar extent of
digestion under each condition tested (Figure 1D). Theof nucleosomal DNA fragments with an average repeat
length of165 bp (Supplemental Figure S1C on the Cell estimated DNA repeat lengths for the nucleosomal
arrays under these conditions were 165 bp withoutwebsite), as expected (Fyodorov and Kadonaga, 2003;
Ito et al., 1999). We assessed the effects of PARP-1 on PARP-1 or H1 (Figure 1D, lane 2),183 bp with PARP-1
(Figure 1D, lane 3), and 188 bp with H1 (Figure 1D,the structure of ACF-assembled chromatin by adding
increasing amounts of purified PARP-1, followed by di- lane 4). The results for the control and H1-containing
samples are consistent with previous reports for ACF-gestion with limiting amounts of MNase. For these stud-
ies, the use of DNA-free PARP-1 (Figure 1B and Supple- assembled chromatin (Fyodorov and Kadonaga, 2003;
Ito et al., 1996, 1999). Importantly, these results alsomental Figure S2 on the Cell website) and essentially
nick-free supercoiled plasmid DNA (Supplemental Fig- indicate that PARP-1-dependent MNase-resistant chro-
matin structures retain a canonical nucleosomal arrayure S1B on the Cell website) was critical because
PARP-1 binds nonspecifically to and is activated by structure that is revealed upon increased MNase diges-
tion (Figure 1D). Extensive digestion of chromatin withdamaged DNA (D’Amours et al., 1999).
The addition of PARP-1 resulted in a dose-dependent MNase to yieldmononucleosomeswith “trimmed” linker
DNA (an in vitro “chromatosome stop” assay) revealedformation of MNase-resistant chromatin structures, as
indicated by the presence of increasing amounts of high average DNA sizes of 150 bp without PARP-1 or H1
(Figure 1E, lane 2), 160 bp with PARP-1 (Figure 1E,molecular weight DNA (Figure 1C, lanes 2–7 and Supple-
mental Figure S3A on the Cell website), similar to the lane 3), and 165 bp with H1 (Figure 1E, lane 4), further
suggesting an interaction of PARP-1 with linker DNA.effects observed upon the addition of the linker histone
H1 (Figure 1C, lanes 14–19). The addition of NAD, but We performed additional analysis of nucleosome
binding by PARP-1 using a quantitative restriction endo-not NADH or NADP, reversed most of the effects of
PARP-1 on chromatin structure and restored theMNase nuclease accessibility assay. Nucleosomes were as-
sembled on a repeating array of 5S rDNA positioningladder (Figure 1C, lanes 8–13, Supplemental Figure S3A
on the Cell website, and data not shown). Interestingly, elements and then digested with restriction enzymes
that cut (1) in the linker DNA (EcoRI), (2) near the nucleo-NAD-dependent reversal of PARP-1’s effects were not
observed with naked DNA (Supplemental Figure S4 on some/linker DNA boundary (RsaI), or (3) near the dyad
axis (MspI) (Figure 1F and Supplemental Figure S6A onthe Cell website).
The formation of MNase-resistant chromatin struc- the Cell website). PARP-1 caused protection near the
dyad axis and near the nucleosome/linker DNA bound-tureswas saturatedat50nMofPARP-1 (Supplemental
Figure S3A on the Cell website), which corresponds to ary where the DNA exits the nucleosome in a manner
similar to that of H1, as determined by theMspI and RsaIa PARP-1:nucleosome ratio of about 1:1, similar to what
has been reported for H1 in vivo (Brown, 2003; Travers, digests, respectively (Figures 1F and 1G). Interestingly,
PARP-1 did not protect as much linker DNA as H1, as1999). Fifty percent reversal of PARP-1-inducedMNase-
resistant chromatin structures occurred at 0.4 M determined by EcoRI digestion, a result that fits well
with the longer nucleosomal repeat length observed forNAD, with complete reversal at 10 M NAD (Supple-
mental Figure S3B on the Cell website), well within the H1-containing chromatin (Figures 1D and 1E). MNase
footprinting confirmed these patterns of PARP-1 inter-range of reported total cellular NAD concentrations
(400 to 500 M; Loetscher et al., 1987; Williams et al., action with nucleosomes, with additional effects of
Cell
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Figure 2. The Binding of PARP-1 to Chromatin Is Reversible in the Presence of NAD and Is Competed by H1
(A) Glycerol gradient analyses of ACF-assembled chromatin incubated with or without PARP-1 (100 nM), NAD (200 M), and H1 (400 nM).
Gradient fractions (1–13) were analyzed for PARP-1, H1, and core histones (H2A and H2B) by Western blotting, and DNA by agarose gel
electrophoresis with ethidium bromide staining. The overlap of (ADP-ribosyl)ated PARP-1 and chromatin in fractions 3 and 4 of (d) is likely
coincidental and due to the limited resolution of the gradient.
(B) Results of an (ADP-ribosyl)ation assay with PARP-1, salt dialyzed chromatin, and 32P-NAD. In this assay, nucleosomes serve as an
activator of PARP-1 enzymatic activity (see Figure 7A).
PARP-1 on the DNA over the surface of the nucleosome, nucleosomes), about half of the added PARP-1 incorpo-
rated into chromatin (Figure 2Ac, compare lanes 1 andyielding an overall pattern that had similarities to, but
2 with lanes 11 and 12), consistent with saturation oc-was distinct from, the pattern observedwith H1 (Supple-
curring at a 1:1 ratio of PARP-1 to nucleosomes (Supple-mental Figure S6B on the Cell website).
mental Figure S3A on the Cell website).
The addition of NAD resulted in the (ADP-ribosyl)-
NAD Promotes the Release of PARP-1 from
ationof PARP-1, as indicated by the smearing ofPARP-1
Chromatin through Auto(ADP-ribosyl)ation to higher molecular weight species, as well as a dissoci-
Glycerol gradient sedimentation analyses were used to ation of the modified PARP-1 from chromatin, as indi-
directly examine PARP-1’s interaction with chromatin. cated by a change in the sedimentation profile to a
ACF-assembled chromatin was incubated with or with- slower migrating species that did not fractionate with
out PARP-1 and/or NAD and then fractionated on 15% chromatin (Figure 2Ad). The addition of NAD and re-
to 40% glycerol gradients, followed by Western blotting lease ofPARP-1 restored the original sedimentation pro-
andDNA analyses. In the absence of chromatin, PARP-1 file of chromatin, returning chromatin to a less compact
barely entered the gradient (Figure 2Aa). In the absence configuration (Figure 2Ad). Interestingly, we did not ob-
of PARP-1, chromatin sedimented to the middle of the serve poly(ADP-ribosyl)ation of nucleosomal core his-
gradient, with unincorporated histones running in the tones under these biochemically-defined assay condi-
upper fractions (Figure 2Ab). In the presence of PARP-1, tions (Figures 2Ad and 2B), although transmodification
the chromatin shifted toward the bottom of the gradient, of H1, another PARP-1 target, was observed under simi-
with incorporated PARP-1 comigrating with histones lar conditions (Supplemental Figure S7 on the Cell web-
and DNA and free PARP-1 running at the top of the site). These results indicate that PARP-1 can modulate
gradient with free histones (Figure 2Ac). The faster- chromatin structure without modifying core histones
migrating PARP-1-containing chromatin is indicative of and that the reversal of MNase-resistant chromatin
a more compact chromatin structure. Under our assay structures by NAD is due to the dissociation of (ADP-
ribosyl)ated PARP-1 from chromatin.conditions (i.e., 100 nM of PARP-1 and 50 nM of
Nucleosome Binding Properties of PARP-1
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PARP-1 and H1 Compete for Binding from the pattern of H1 staining (Figure 3Bb, green). The
to Nucleosomes In Vitro and Reside distinct pattern of staining for PARP-1 and H1 is most
in Distinct Nucleosomal Fractions evident in the merged image (Figures 3Bc and 3Bf),
and Chromatin Domains In Vivo where areas of overlap, if present, would show up as
The similarities between the effects of PARP-1 and H1 yellow. When we compared the distribution of PARP-1
on chromatin prompted us to determine if PARP-1 and and H1 with highly condensed chromatin bands (as de-
H1 might bind to overlapping sites on nucleosomes. In tected by DAPI staining, which appears blue; Figures
glycerol gradient sedimentation analyses, H1 but not 3Bd and 3Be), PARP-1 was present in the less compact
HMGN2 promoted the formation of compact, faster mi- chromatin interbands (an absence of blue staining, Fig-
grating chromatin structures like PARP-1 (Figures 2Ae ure 3Bd), while H1 showed a nearly complete overlap
and 2Af and Supplemental Figure S8 on the Cell web- with the highly condensed chromatin bands (coincident
site). We assayed for competitive binding between with blue staining, Figure 3Be). These results indicate
PARP-1 and H1 using a 4-fold excess of H1 so that that PARP-1 and H1 reside in distinct chromatin do-
competition could be readily observed. When added to mains and contribute to the formation of distinct higher-
preassembled PARP-1-containing chromatin, H1 com- order chromatin structures in cells.
pletely displaced the PARP-1 and was itself incorpo-
rated into the chromatin (Figure 2Ag). Similar results Incorporation of PARP-1 into Chromatin Represses
were observed when a 4-fold excess of PARP-1 was Pol II-Dependent Transcription
used to compete with H1 (data not shown). Together, Compact, higher-order chromatin structures, such as
these results indicate that PARP-1 andH1bind competi- thosegenerated by the incorporationofH1, are generally
tively to overlapping sites on nucleosomes. repressive to transcription (Horn and Peterson, 2002).
To explore the relationship between PARP-1 andH1 in Thus, we examined the effect that compact PARP-1-
cells, we used a mononucleosome immunoprecipitation dependent chromatin structures might have on Pol II-
assay. In this assay, formaldehyde-crosslinked chroma- dependent transcription using an in vitro transcription
tin fromHeLa cellswas digested extensivelywithMNase systemwith chromatin templates. Since basal transcrip-
to yield mononucleosomes (Figure 3A, left panel) and tion with chromatin is minimal (Figure 4A, lane 1), we
then subjected to immunoprecipitation with antibodies used estrogen receptor  (ER) plus ligand (estradiol,
to PARP-1 or H1. The presence of PARP-1, H1, and core E2) to activate Pol II-dependent transcription (Figure 4A,
histones in the immunoprecipitated material was deter- lane 2). The addition of saturating amounts of PARP-1
mined by Western blotting (Figure 3A, middle panel). Un- (1 molecule per nucleosome) caused about a 3-fold
der conditions where approximately equal amounts of inhibition of ER-dependent transcription (Figure 4A,
core histones, which serve as an internal control in this lane 4). The inhibitory effects of PARP-1were completely
assay, were coprecipitated by the PARP-1 and H1 anti- reversed by the addition of NAD (Figure 4A, lane 5),
bodies, PARP-1 was depleted from the H1 immunopre- with additional enhancement likely due to the effects of
cipitates (Figure 3A, middle panel, lane 3) and H1 was NAD on PARP-1 in the HeLa cell transcription extract
depleted from the PARP-1 immunoprecipitates (Figure (Figure 4A, lane 5). The repressive effects of PARP-1
3A, middle panel, lane 4). These results suggest that with chromatin templates are unlikely due to nonspecific
PARP-1 and H1 reside in distinct nucleosomal fractions DNA binding since ParB, a P1 plasmid prophage protein
in cells. with nonspecific DNA binding activity (Surtees and Fun-
Analysis of the coprecipitated DNA fragments (Figure nell, 2001), failed to inhibit transcription (Supplemental
3A, right panel) revealed average sizes of 160 bp for
Figure S9 on the Cell website). PARP-1 also inhibited
the PARP-1 coprecipitated DNA (Figure 3A, right panel,
ER-dependent transcription with naked DNA tem-
lane 3) and 165 bp for the H1 coprecipitated DNA
plates (Figure 4A, lane 9), possibly through a nonspecific(Figure 3A, right panel, lane 4), compared to an average
mechanism. Unlike the results with chromatin tem-size of 150 bp for DNA from the bulk input mono-
plates, however, the repression with naked DNA wasnucleosomes (Figure 3A, right panel, lane 2). In addition,
not relieved in the presence of NAD (Figure 4A, lanemore subnucleosomal DNA fragments were observed
10). Thus, NAD-reversible repression by PARP-1 onlywith the bulk input mononucleosomes, indicating that
occurs with chromatin templates, suggesting a possiblethe DNA in that population of mononucleosomes was
role for nucleosomes in stimulating PARP-1 enzymaticgenerally more accessible than the DNA in the PARP-1-
activity (see below).and H1-enriched mononucleosomes. These results us-
ing native chromatin are nearly identical to the results
PARP-1 Occupies Chromosomal Domains that Areobtained for the in vitro “chromatosome stop” assay
Distinct from Transcriptionally Active Locishown in Figure 1E. Thus, similar effects of PARP-1 and
To examine the relationship between PARP-1-depen-H1 on nucleosomal repeat length and nuclease sensitiv-
dent chromatin structures and Pol II-dependent tran-ity are observed in vivo and in vitro.
scription in vivo,we examined thedistribution ofPARP-1We explored the relationship between PARP-1 and
and transcriptionally active Pol II (i.e., CTD with phos-H1 further by immunofluorescent staining of Drosophila
phorylated serine 5 of the heptapeptide repeat, Ser5-P)salivary gland polytene chromosomes for PARP-1 and
on Drosophila polytene chromosomes (Figure 4B). LikeH1 (Figure 3B). This approach provides a global view of
PARP-1, Pol II Ser5-P showedabroaddistributionon thePARP-1 and H1 distribution over an entire genome from
polytene chromosomes. The pattern of PARP-1 staininginterphase cells. Both PARP-1 and H1 showed a broad
(Figure 4Ba, red), however, was largely distinct from thedistribution on the polytene chromosomes, but the pat-
tern of PARP-1 staining (Figure 3Ba, red) was distinct pattern of Pol II Ser5-P staining (Figure 4Bb, green),
Cell
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Figure 3. PARP-1 and H1 Localize to Distinct Nucleosomal Fractions and Chromatin Domains
(A) Mononucleosome protein immunoprecipitation analysis of PARP-1- and H1-containing nucleosomes from HeLa cells. Left, agarose gel
analysis of input DNA from crosslinked mononucleosomes. Marker (M)  123 bp ladder. Middle, Western blot analysis of control (C), H1 (H),
and PARP-1 (P) immunoprecipitations using PARP-1, H1, and core histones (H2A and H2B) antibodies. Right, acylamide gel analysis of 32P-
end-labeled coprecipitated DNA fragments. Marker (M)  10 bp ladder. Brackets indicate the range of DNA fragment sizes, with the average
sizes marked with a dot. The asterisks indicate subnucleosomal DNA fragments.
(B) Immunofluorescent staining of Drosophila salivary gland polytene chromosomes for (a) PARP-1 (red) and (b) H1 (green). Overlapping signals
in the merged image (c) are yellow. A higher magnification of the white box shown in (c) is presented in (d)–(f), including costaining for DNA
(d and e).
with only a few loci showing significant costaining. The 2001). In MNase sensitivity assays, PARP-1 DBD mut
was unable to promote the formation of nuclease-resis-distinct pattern of staining for PARP-1 and Pol II Ser5-P
is most evident in the merged image where areas of tant chromatin structures,whereasPARP-1Catmut pro-
moted the formation of nuclease-resistant structures,overlap are yellow (Figures 4Bc and 4Bd). Similar results
were observed when we costained for Pol II Ser2-P, but the effects were not reversible in the presence of
NAD (Figures 5A and 5B). In ER-dependent transcrip-another indicator of transcriptionally active Pol II (data
not shown). Simultaneous staining for PARP-1, Pol II tion assays with chromatin templates, corresponding
results were observed with the PARP-1 mutants. ThatSer5-P, and condensed DNA (which is very similar to
the distribution pattern of H1; see Figure 3Be) revealed is, PARP-1DBDmutwasunable to repress transcription,
whereas PARP-1 Cat mut did not exhibit relief of repres-distinct, nonoverlapping staining patterns for all three
(Figure 4Be). Collectively, our biochemical and cytologi- sion in the presence of NAD (Figure 5C). Together,
these results indicate that the DNA binding activity ofcal assays support the conclusion that PARP-1-depen-
dent chromatin structures are transcriptionally repressed, PARP-1 is required for incorporation into chromatin,
but are distinct from H1-repressed domains. whereas the catalytic activity/auto(ADP-ribosyl)ation
activity of PARP-1 is required for NAD-dependent re-
lease.The DNA Binding and Catalytic Activities of PARP-1
In vivo, the catabolism of PAR is catalyzed by polyAre Required for Its Reversible Incorporation
(ADP-ribose) glycohydrolase (PARG) (Davidovic et al.,into Chromatin and for Transcriptional Repression
2001). Thus, we used PARG to explore further the impor-Next, we examined the intrinsic activities of PARP-1 that
tance of auto(ADP-ribosyl)ation in PARP-1 function. Pu-are required for reversible incorporation into chromatin
rified recombinant PARG (Figure 6A, left panel) retainedusing previously characterized PARP-1 mutants (i.e., a
a high level of PAR glycohydrolase activity, completelyDNA binding domainmutant, DBDmut and an enzymati-
cally inactive mutant, Cat mut) (Figure 1A; Hassa et al., reversing the auto(ADP-ribosyl)ation of PARP-1 in the
Nucleosome Binding Properties of PARP-1
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Figure 4. IncorporationofPARP-1 intoChroma-
tin Represses Pol II-Dependent Transcription
(A) Reversible repression of ER-dependent
transcription by PARP-1 (50 nM) and NAD
(200 M) with chromatin, but not naked DNA,
templates in vitro (top). Schematic of pERE
(bottom).
(B) Immunofluorescent staining ofDrosophila
salivary gland polytene chromosomes for (a)
PARP-1 (red) and (b) Pol II Ser5-P (green).
Overlapping signals in the merged image (c)
are yellow. A highermagnification of thewhite
box shown in (c) is presented in (d). The re-
sults of a separate triple stain experiment for
PARP-1, Pol II Ser5-P, and DNA are shown
in (e).
presence of 32P-labeled NAD (Figure 6A, right panel). blocked the NAD-dependent release of transcriptional
repression by PARP-1 with ER (Figure 6C). These re-The addition of PARG to PARP-1-containing chromatin
inhibited the NAD-dependent release of MNase-resis- sults indicate that the covalent modification of PARP-1
by (ADP-ribosyl)ation is required for the reversal oftant chromatin structures (Figure 6B, compare lanes 3
and 6). Consistent with this result, PARG partially PARP-1’s inhibitory effects. In addition, they suggest
Figure 5. The DNA Binding and Catalytic Ac-
tivities of PARP-1 Are Required for Reversible
Incorporation into Chromatin and Transcrip-
tional Repression
(A) MNase digests of ACF-assembled chro-
matin with wild-type, DBD mut, or Cat mut
PARP-1 (50 nM), with or without NAD (200
M). Arrows indicate MNase-resistant bands
used to quantify nuclease resistance in (B).
(B) Quantification of multiple experiments like
those shown in (A) (mean  the SEM for
three determinations).
(C) ER-dependent in vitro transcription
assays with chromatin templates run in the
presence or absence of wild-type, DBD mut,
or Cat mut PARP-1 (50 nM), with or without
NAD (200 M).
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Figure 6. PARG Reverses the Effects of NAD
on PARP-1 Activity
(A) SDS-PAGE analysis of purified, recombi-
nant rat PARG (left). PARP-1 auto(ADP-ribo-
syl)ation run with or without sheared salmon
sperm DNA (sssp DNA, added to activate
PARP-1 enzymatic activity) and PARG (right).
(B) MNase digests of ACF-assembled chro-
matin with PARP-1 (50 nM), PARG (100 nM),
and NAD (200 M). The arrows indicate
MNase-resistant bands.
(C) ER-dependent in vitro transcription
assays with chromatin templates run in the
presence or absence of PARP-1 (50 nM),
PARG (100 nM), and NAD (200 M).
that the dynamic interplay between PARP-1 and PARG 7A, lane 1), whereas PARP-1 incubated with sssp DNA
showed considerable activation of auto(ADP-ribosyl)-could play a key role in regulating chromatin structure
and transcription in vivo. ation activity (Figure 7A, lane 2). Core histones (Figure
7A, lane 3), circular plasmid DNA (Figure 7A, lane 4),
and total RNA from mammalian cells (Figure 7A, lane 6)The Enzymatic Activity of PARP-1 Is Stimulated
had little to no effect, whereas polynucleosomes assem-by Nucleosomes and Inhibited by ATP
bled from the same core histones and DNA caused aMuch of the work to date on the allosteric regulation of
dramatic (13-fold) increase in PARP-1 auto(ADP-ribo-PARP-1 enzymatic activity has focused on the stimula-
syl)ation activity (Figure 7A, lane 5). Dose-response ex-tory effects of damagedDNA, towhich PARP-1 is known
periments with sssp DNA, circular plasmid DNA, andto bind (D’Amours et al., 1999). A requirement for dam-
polynucleosomes showed that, on a DNA mass basis,agedDNA, however,would not allow for the regulation of
polynucleosomes are a more potent stimulator of PARP-1PARP-1’s activity under normal physiological conditions
enzymatic activity than these other forms of DNA (Fig-where genome integrity is maintained. Given that NAD
ure 7B).promotes the reversal of PARP-1-dependent effects
Results from a recent report suggest that ATP canwith chromatin, but not naked DNA (Figure 4A and Sup-
inhibit the automodification of PARP-1 (Kun et al., 2004).plemental Figure S4 on theCellwebsite), we considered
To determine if nucleosome-stimulated automodifica-a possible role for nucleosomes as physiological alloste-
tion of PARP-1 is inhibited by ATP, we assayed for au-ric activators of PARP-1 enzymatic activity.
to(ADP-ribosyl)ation of PARP-1 over a physiologicalWe used a biochemically defined auto(ADP-ribosyl)-
range of ATP concentrations (1 to 10 mM; Jiang et al.,ation assay, where the enzymatic activity of purified
1998; Miller and Horowitz, 1986). We observed about aPARP-1 was assayed in the presence of 32P-NAD and a
3- to 5-fold reduction in PARP-1 auto(ADP-ribosyl)ationvariety of possible allosteric activators including sheared
over that range, with no inhibitory effects at low ATPsalmon sperm DNA (sssp DNA, which mimics damaged
concentrations (i.e., 1 to 3 mM) and dramatically in-DNA), purified core histones, nick-free circular plasmid
creased inhibitory effects at higher ATP concentrationsDNA, and polynucleosomes assembled by salt-gradient
(i.e., 6 to 10 mM) without a complete inhibition at thedialysis from the same core histones and plasmid DNA.
highest concentration (Figures 7Cand7D). These resultsAs expected, PARP-1 in the absence of an allosteric
activator had no detectable enzymatic activity (Figure suggest that automodification of PARP-1 is acutely sen-
Nucleosome Binding Properties of PARP-1
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Figure 7. Stimulation of PARP-1 Enzymatic
Activity by Nucleosomes Is Inhibited by ATP
(A) PARP-1 auto(ADP-ribosyl)ation assay run
in the presence or absence of known or pos-
sible activators of PARP-1 enzymatic activity.
Each reaction contained equalmass amounts
of nucleic acid and/or histones. sssp DNA 
sheared salmon sperm DNA.
(B) Quantification of dose-response experi-
ments similar to theassayshown in (A) (mean
SEM for three determinations).
(C) Effects of increasingATP concentrations on
PARP-1 auto(ADP-ribosyl)ation in the presence
of polynucleosomes, as described in (A).
(D) Quantification ofmultiple experiments like
the one shown in (C) (meanSEM for four de-
terminations).
(E) A model for the regulation of chromatin
structure and transcription by PARP-1. See
the text for details. P, PARP-1; Act, activator.
sitive to relatively small changes in ATP concentrations. of H1 in a variety of assays. For example, PARP-1 (1)
Collectively, our results clearly demonstrate that nucleo- binds to nucleosomal arrays (Figures 1C and 2A), (2)
somesarepotent stimulatorsof PARPenzymatic activity saturates nucleosome binding at about a 1:1 molar ratio
and that PARP-1 can regulate chromatin structure and (Figure 1C and Supplemental Figure S3A on the Cell
transcription under normal physiological conditions (i.e., website), (3) increases nucleosomal repeat length (Fig-
undamaged DNA, normal levels of NAD and ATP). ures 1D, 1E, and 3A), (4) protects DNA in the linker region
near the exit point of DNA from the nucleosome (Figures
1F and 1G and Supplemental Figure S6 on the Cellweb-Discussion
site), (5) promotes the formation of compact, nuclease-
resistant chromatin structures (Figures 1C and 2A), (6)In this work, we have defined and characterized a num-
represses activator-dependent transcription with chro-ber of new aspects of PARP-1 activity, as elaborated
matin templates (Figure 4A and Supplemental Figure S9below, that have important implications for the function
on the Cell website), and (7) competes with H1 for bind-of PARP-1 as a regulator of chromatin structure and
ing to nucleosomes (Figure 2A). However, the propertiestranscription.Collectively, our data indicate that PARP-1
can function both as a structural component of chroma- of PARP-1 and H1 are not identical, especially with re-
tin and a modulator of chromatin structure through an spect to the mode of nucleosome binding (Figures 1E,
intrinsic enzymatic activity (see model in Figure 7E). 1F, and 1G and Supplemental Figure S6 on the Cell
website) and chromosomal localization (Figures 3A and
3B), suggesting distinct biological functions for thesePARP-1 Has a Number of Properties that Are
two proteins.Reminiscent of the Chromatin-Related
H1 is thought to bind to linker DNA where the DNAProperties of Linker Histones
exits the nucleosome near the dyad axis, with eachOur results indicate that PARP-1 has a number of prop-
erties that are similar, but not identical, to the properties molecule of H1 simultaneously contacting two DNA
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strands through a globular domain containing a winged nucleosomes are more potent stimulators of PARP-1
enzymatic activity than damaged DNA (i.e., sssp DNA;helix motif (Travers, 1999). A similar mode of nucleo-
some binding for PARP-1 through its double zinc finger Figure 7B). These results suggest amechanismwhereby
PARP-1 enzymatic activity could contribute to PARP-1DBDwould be consistentwith previous results suggesting
that PARP-1 can interact simultaneously with two DNA function under normal physiological conditions where
the integrity of the genome is maintained.helices (Gradwohl et al., 1987; Rolli et al., 2000). In this
regard, our results indicate that an intact DBD is required Collectively, our results suggest a model whereby
PARP-1, when incorporated into compact transcription-for the binding of PARP-1 to nucleosomes and the com-
paction of chromatin (Figures 5A and 5B), as well as for ally repressed chromatin structures, is poised for NAD-
dependent activation, automodification, and subsequentPARP-1-mediated transcriptional repression with chro-
matin templates (Figure 5C). release from chromatin, facilitating chromatin decon-
densation and transcription by Pol II (see Figure 7E).
In this regard, note that ecdysone- and heat shock-PARP-1 Can Regulate Chromatin Structure
inducible “puffing” (i.e., chromatin decondensation) ofwithout Modifying Core Histones
specific signal-regulated loci in Drosophila requiresor Promoting Nucleosome Disassembly
PARP-1 enzymatic activity and is accompanied by theCurrent models for the role of PARP-1 inmodulating chro-
accumulation of PAR in the puffs (Tulin and Spradling,matin structure suggest that PARP-1 exerts its effects by
2003). DNA binding transcriptional activators could pro-directly (ADP-ribosyl)ating core histones and chromatin-
vide the trigger for PARP-1 by recruiting NAD-synthe-associated proteins, thereby promoting the dissociation
sizing enzymes, such as nicotinamide mononucleotideof nucleosomes and the decondensation of chromatin
adenylyltransferase-1 (NMNAT-1), a key enzyme involved(D’Amours et al., 1999; Kraus and Lis, 2003; Rouleau et
in the synthesis of nuclear NAD (Emanuelli et al., 2001;al., 2004; Tulin and Spradling, 2003). In contrast, we have
Schweiger et al., 2001).shown that PARP-1 can alter chromatin structure through
Other aspects of PARP-1 regulation involve (1) catab-nucleosome binding properties without modifying core
olismofPARpolymers byPARG, the primaryPARcatab-histones or promoting the disassembly of nucleosomes.
olizing enzyme in vivo (Davidovic et al., 2001; Figure 6)Specifically, under conditions where PARP-1’s NAD-
and (2) inhibition of PARP-1 enzymatic activity by ATPdependent enzymatic activity reverses the formation of
(Figures 7C and 7D). Note that auto(ADP-ribosyl)ationcompactPARP-1-dependent chromatin structures, core
of PARP-1 is reduced about 3- to 5-fold over a physio-histones are not (ADP-ribosyl)ated (Figure 2). Further-
logical range of ATP concentrations (1 to 10 mM; Jiangmore, chromatin retains a canonical nucleosomal array
et al., 1998; Miller and Horowitz, 1986; Figure 7D). Inter-structure following NAD-dependent release of PARP-1
estingly, inhibition of PARP-1 enzymatic activity is not(Figures 1C and 2A), indicating that histones are not
observed at low concentrations of ATP (i.e., 1 to 3 mM)stripped from the DNA. Although we cannot exclude the
but increases dramatically at higher concentrations ofpossibility that core histones, H1, and other chromatin-
ATP (6 to 10 mM; Figure 7D). These results suggest thatassociated proteins are physiologically relevant targets
automodification of PARP-1 is acutely sensitive to smallfor PARP-1 enzymatic activity, our results clearly show
changes in ATPconcentration. Thus, the numerous tran-that transmodification is not necessary for PARP-1-
scription-related factors that consume ATP (e.g., chro-dependent regulation of chromatin structure. PARP-1 is
matin remodeling factors) have the potential to reducean abundant nuclear protein (106 or more molecules
local ATP concentrations and increase PARP-1 enzy-per cell; D’Amours et al., 1999 and data not shown),
matic activity.supporting the idea that it can function as a structural
component of chromatin in vivo. Although PARP-1 knock-
outmice show no developmental abnormalities or major The Incorporation of PARP-1 Promotes
functional deficiencies that might be expected of an the Formation of Higher-Order Chromatin
essential chromatin regulator (Wang et al., 1995), the Structures that Localize to Distinct
large number of PARP-1-related proteins (perhaps as Chromatin Domains
many as 18) suggests functional redundancy. In this The incorporation of PARP-1 into chromatin promotes
regard, note that PARP-1/PARP-2 double knockout the formation of higher-order chromatin structures that
mice exhibit embryonic lethality (Menissier de Murcia et localize to discrete chromatin domains in vivo (Figures
al., 2003). 1C, 2A, and 3). As illustrated by immunofluorescent
staining of Drosophila polytene chromosomes, these
domains are not associated with active Pol II (FigureNucleosomes, NAD, and ATP Regulate
the Enzymatic Activity of PARP-1 with Chromatin 4B), reflecting the repressive effect that incorporation
of PARP-1 has on Pol II transcription in vitro (Figure 4A).The PARP-1 literature is replete with the view that PARP-1
enzymatic activity is strictly dependent on damaged Of note is our observation that although PARP-1 and
H1 share a number of common properties, they reside inDNA as an allosteric activator (D’Amours et al., 1999).
However, recent studies identifying other allosteric acti- distinct (i.e., nonoverlapping) chromatin domains (Figure
3B). H1 is localized to highly condensed and transcrip-vators, including certain undamaged DNA structures
(Kun et al., 2002) and PARP-1 binding proteins (Oei and tionally repressed chromatin domains, whereas PARP-1
is localized to less-condensed but also transcriptionallyShi, 2001), have challenged this view. Our studies dem-
onstrate that nucleosomes, but not the constituent DNA repressed chromatin domains that are, perhaps, poised
for activation in response to an appropriate signal. Thus,or core histones alone, are potent activators of PARP-1
auto(ADP-ribosyl)ation (Figures 7A and 7B). In fact, the type of linker DNA binding protein in a particular
Nucleosome Binding Properties of PARP-1
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Mononucleosome Immunoprecipitation Assayschromatin domain is likely to set the transcriptional out-
Chromatin was isolated from formaldehyde crosslinked HeLa cellsput of the genes contained in that domain. The diverse
as described (Wysocka et al., 2001) and digested to mononucleo-ways in which PARP-1’s activity and association with
somes with MNase. The mononucleosomes were immunoprecipi-
chromatin can bemodulatedmake PARP-1 an attractive tatedwith control, PARP-1, orH1 antibodies, and the immunoprecip-
target for regulating dynamic chromatin reconfigura- itates were either (1) analyzed by Western blotting with antibodies
to PARP-1, histone H1, and core histones or (2) deproteinized totions required for gene repression and activation, as
isolate the coprecipitated DNA, which was then 32P-end-labeled andwell as other chromatin-based functions.
analyzed by polyacrylamide gel electrophoresis.
Experimental Procedures
Immunofluorescent Staining of Drosophila
Polytene ChromosomesAdditional information can be found in the Supplemental Data.
Immunofluorescent staining of salivary gland polytene chromo-
somes from third instar larvae was performed as described pre-Purification of Recombinant and Native Proteins
viously (Lis et al., 2000) using antibodies toPARP-1, H1, Pol II Ser5-P,Recombinant human PARP-1 proteins were expressed as FLAG-
as well as DAPI stain.tagged proteins in insect (Sf9) cells using a baculovirus vector or
as His6-tagged proteins in E. coli. They were purified by standard
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